We report on temperature stabilized photoluminescence centered around 1.55 m in InAs quantum dots grown by molecular beam epitaxy on InP substrate using InAlGaAs as the matrix layer. The photoluminescence emission peak wavelength of quantum dot samples with 5.5 monolayers of InAs deposition has a near zero shift between 300 and 77 K measurements. Decreasing the deposited InAs layer thickness or introducing a GaAs strain-balance layer leads to a regular redshift in the photoluminescence emission with increasing temperature. On the contrary, a blueshift is observed on samples with a thicker InAs layer thickness. These phenomena indicate the strain around quantum dots plays an important role in deciding the temperature-dependent properties of the quantum dot samples. This interesting temperature stabilization of photoluminescence in the quantum dot samples offers great potential for optical communication laser applications.
I. INTRODUCTION
Quantum dot ͑QD͒ nanostructures have been extensively studied during the last decade due to the attractive physical properties expected from the three-dimensional carrier confinement. It has been shown that the high quality coherent QDs self-assembled under the Stranski-Krastanov ͑SK͒ growth mode are suitable for optical device applications, such as QD lasers. 1 Both theoretical and experimental studies have demonstrated that QD lasers have some unique device characteristics such as a low threshold current density, a high characteristic temperature, and an ultrahigh differential gain. [2] [3] [4] While most of these studies concentrate on InAs QDs grown on GaAs substrates, the InP-based InAs QD system is attracting more attention for possible applications on long wavelength ͑1.3-1.55 m͒ laser devices used in optical communications. [5] [6] [7] Recently, long wavelength QD lasers grown on InP substrates using InAlGaAs as the matrix layer have been demonstrated. 7 One of the major properties of semiconductor lasers is the variation of the emission wavelength with temperature due to a temperature-dependent band-gap energy of the bulk semiconductor in the active region. Theoretical and experimental studies have shown that the photon emission energy of either strained or unstrained QW structures have almost the same temperature dependence as the bulk material. [8] [9] [10] When the carrier confinement dimensions in the active region further increased, a temperature stabilized photoluminescence ͑PL͒ near 1.6 m in InGaAs quantum wire ͑QWR͒ structures grown on InP has been demonstrated by Wohlert et al. 11 They found that the temperature stabilization is caused by the thermal strain generated in the strong lateral composition modulation in QWR active regions. In QD structures grown under SK growth mode, no QD structure with temperature stabilized PL emission has been reported to date. In this work, we report the observation of a temperature stabilized PL emission centered around 1.55 m in InAs QDs grown on InP substrate using InAlGaAs as the matrix layer and the origin of this phenomenon is discussed.
II. EXPERIMENT
Samples used in this work were grown in a solid-source molecular beam epitaxy system on undoped ͓100͔ InP substrates. The InP surface oxide desorption temperature was set as 500°C. The structures consisted of a 3000 Å In 0.52 Al 0.48 As buffer layer and a 1000 Å In 0.52 Al 0.24 Ga 0.24 As matrix layer grown at 520°C. Before the deposition of InAs, a 30 s growth interruption under an arsenic flux was inserted to stabilize the surface of the matrix layer. Then, 5.5 monolayers ͑MLs͒ of InAs were deposited at 500°C to form selfassembled QDs. The reflection high-energy electron diffraction patterns during the growth showed the initial layer-bylayer growth, followed by the island formation, indicating the growth is governed by the SK growth mode. After the deposition of InAs, another 30 s interruption under an arsenic flux was used before the growth of the top 1000 Å InAlGaAs layer. Finally, a 2000 Å InAlAs layer was grown to cap the whole structure. Atomic force microscopy ͑AFM͒ in contact mode was used to measure the surface morphology of the InAs QDs on samples without cap layers. Samples were characterized by both 300 and 77 K PL measurements. The 77 K PL measurements were performed in a liquid nitrogen cooled cryostat. The excitation source of the PL measurements was the 514.5 nm line of an Ar ϩ laser. A liquid nitrogen cooled Ge detector mounted on a 0.5 m spectrometer was used for detection in lock-in mode. High-resolution x-ray diffraction ͑HRXRD͒ was used to study the overall strain effect in the quantum dot samples.
III. RESULTS AND DISCUSSIONS
The AFM image shown in Through the control of growth parameters such as arsenic overpressure, substrate temperature, and QD layer thickness, InAs QDs with high density up to 5ϫ10 10 cm Ϫ2 have been achieved. Figure 1͑a͒ also indicates a uniform size distribution of the achieved QDs, which is important for optical device applications. Figure 1͑b͒ shows the 300 and 77 K PL spectra, centered at 1.56 m, of the single period QD sample with 5.5 MLs InAs deposition. As shown in Fig. 1͑b͒ , almost zero shifts were observed on the PL emission wavelength between 300 and 77 K measurements. This is quite different from the PL properties of bulk or QW semiconductor materials, where a redshift with increasing temperature is expected. Indeed, a 79 meV redshift of the emission peak wavelength of the InAlGaAs barrier layer, centered around 1.25 m at 300 K, was observed in our measurement, as shown in Fig. 1͑b͒ .
Theoretically, the redshift of the PL emission energy of a semiconductor with increasing temperature is mainly due to the thermal expansion of lattice constants. 8 One of the possible factors to balance the wavelength shift is the band filling effect under strong excitation conditions, which contributes a blueshift of the band-gap energy. To exclude this factor, PL spectra were compared by varying the excitation levels by over 3 orders of magnitude between 1.5 and Ͼ150 W/cm 2 . The resultant very small blueshift indicates the band filling effect does not affect the emission wavelength of our QD samples substantially, and it is not the main factor causing the temperature stabilized PL spectrum.
In order to investigate the origin of the temperature stabilized PL emission, two groups of QD samples were prepared. In group A, single InAs QD layers were formed using different InAs deposition thickness. In group B, GaAs layers with different thickness were inserted between InAs QD and InAlGaAs layers to balance the strain caused by the formation of QDs. Figure 2 shows the PL peak wavelength shift between 300 and 77 K as a function of deposited InAs layer thickness of samples in group A, where 3.5, 5, and 6.5 MLs InAs were deposited to form QDs. The PL emission peak wavelength of these samples is also shown in Fig. 2 . When the InAs deposition thickness was 3.5 MLs, the PL emission peak wavelength had a 33.5 meV redshift with increasing temperature between 300 and 77 K measurements, similar to the QW structures. When the InAs deposition thickness was increased to 5 MLs, the peak wavelength redshift decreased to only 4.1 meV. When the InAs deposition thickness was further increased to 6.5 MLs, instead of redshift, an irregular 3.0 meV blueshift of the emission peak wavelength was observed. Maintaining the temperature at 77 K, the QD emission peak wavelength had a redshift of about 60 meV when increasing the InAs deposition thickness from 3.5 to 6.5 MLs, also shown in Fig. 2 . It was further observed that the PL intensity decreased in samples with a thicker InAs deposition. These results agree with observations reported in Ref. 12 , indicating that with increasing InAs deposition thickness, 10 cm Ϫ2 . ͑b͒ 300 and 77 K PL spectra of single layer InAs QDs grown on InAlGaAs/InP. The InAs thickness was 5.5 ML. There is no PL peak wavelength shift between 300 and 77 K for InAs QDs. The PL emission peak wavelength for InAlGaAs has a 79 meV shift between 300 and 77 K.
FIG. 2. PL wavelength shift between 300
and 77 K as a function of InAs layer thickness. The wavelengths of these samples at 300 and 77 K are also included as a reference: ͑solid square͒ peak wavelength shift; ͑solid circle͒ peak wavelength at 300 K; ͑solid triangular͒ peak wavelength at 77 K. a large local strain may lead to the generation of dislocations to release the strain, which serves as nonradiative recombination centers. Figure 3 shows PL emission peak wavelengths at 300 and 77 K as well as the peak wavelength shifts of QD samples in group B as a function of the GaAs strain-balance layer thickness. GaAs layers of 1, 2.1, and 3.2 MLs thickness were deposited after the deposition of 5 MLs InAs. The PL data for the sample with 5 MLs InAs without any GaAs deposition is also included for reference. As shown in Fig. 3 , introducing the GaAs layer caused a larger redshift in the emission peak wavelength with increasing temperature. When the GaAs layer thickness was increased from 0 to 1, 2.1, and 3.2 MLs, the peak wavelength shift between 300 and 77 K emissions was 4.1, 13.9, 32.3, and 43.1 meV, respectively. Also shown in Fig. 3 , the PL emission peak wavelengths decreased with increasing GaAs layer thickness for both temperatures. This can be explained by the stronger quantum size effect due to the presence of the high band-gap GaAs layer, which provides a stronger quantum confinement to the QDs than InAlGaAs. Another possibility is the interface diffusion between InAs and GaAs layers, which would lead to the formation of InGaAs QDs. However, since the growth temperature of QDs is relatively low, it is not likely the dominant factor affecting the PL emission wavelength. It was also observed that the amplitude of the PL emission increased with increasing GaAs layer thickness. This phenomenon indicates the overall strain caused by InAs QDs was balanced by the GaAs layer so that fewer dislocations were generated.
To evaluate the overall strain in samples from both groups, five-layer QDs were stacked together using 150 Å InAlGaAs as barrier layers. Figures 4 and 5 show the diffraction rocking curves of samples measured by HRXRD, from groups A and B, respectively. The peak of the highest intensity at 0°in all curves is from the InP substrate. In Fig. 4 , the strong asymmetric distribution of the satellite peaks in all three rocking curves, with a shift to the left, indicates the existence of a compressive strain in the structure. It is shown that when the InAs deposition thickness was increased from 3.5 to 6.5 MLs, the distribution of the satellite peaks becomes more asymmetric. In particular, the satellite peak of Ϫ1 order cannot be resolved in the sample with 6.5 MLs of InAs deposition, indicating that the compressive strain becomes larger. On the other hand, as shown in Fig. 5 , with increasing the GaAs layer thickness from 0 to 3.4 MLs, the rocking curves become more symmetric, indicating the overall strain caused by InAs QDs is effectively balanced by the GaAs layer. When the GaAs layer thickness further increases to 4 MLs, the asymmetry in the diffraction curve shifts to the right, indicating the structure is under tensile strain.
Once we understand the strain effect caused by the InAs deposition and the GaAs strain-balance layer, we can relate FIG. 3 . PL wavelength shift between 300 and 77 K as a function of GaAs strain balance layer thickness. The wavelengths of these samples at 300 and 77 K are also included as a reference: ͑solid square͒ peak wavelength shift; ͑solid circle͒ peak wavelength at 300 K; ͑solid triangular͒ peak wavelength at 77 K. the net strain to the PL properties of these QD samples. As shown in Fig. 2 , the peak wavelength shift of the PL emission becomes smaller when the compressive strain within the QD structure increases by increasing the InAs deposition thickness. On the other hand, when the GaAs layer balances the strain caused by the InAs, temperature-dependent PL properties of QD samples are more like bulk or QW semiconductor structures, where a redshift with increasing temperature is observed. These facts imply that the net strain caused by the InAs QDs is responsible for the temperature stabilized PL spectra observed in QD samples. Further studies are required to elucidate the detailed mechanism of this strain induced temperature-stabilized PL property in the InAs/InAlGaAs/InP QD system.
IV. CONCLUSION
Temperature stabilized PL emissions centered around 1.55 m in InAs QDs grown on InP substrate using InAlGaAs as matrix layer have been demonstrated. Two groups of QD samples with different InAs deposition thicknesses and GaAs strain-balance layer thicknesses are grown to investigate the origin of the temperature stabilized PL property. It is found that when the overall strain within the QD structure is low, either caused by a thin InAs deposition or a deposition of GaAs strain-balance layer, the PL emission peak wavelength shows a redshift with increasing temperature similar to the bulk or QW semiconductor. Conversely, when the overall compressive strain is large, a temperature stabilized PL emission or an irregular blueshift with increasing temperature is observed. The net strain of QDs is one of the important factors accounting for the temperature stabilized PL emissions.
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